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Nuleon and meson eetive masses in the Relativisti
Mean-Field Theory
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Institute of Physis, Silesian University, Uniwersyteka 4, 40-007 Katowie, Poland.
Abstrat. Nuleon and meson eetive masses in the nonlinear Relativisti Mean-
Field Theory (RMF) introduing a nonlinear ω − ρ and σ oupling motivated by the
Quark Meson Coupling model (QMC) is explored. It is shown that, in ontrast to the
usual Waleka model, not only the eetive nuleon mass meff,N but also the eetive
σ, ρ meson masses (meff,σ, meff,ρ) and the eetive ω meson massmeff,ω are nuleon
density dependent.
PACS numbers: 24.10.Cn, 24.10.Jv, 21.30.Fe
Submitted to: J. Phys. G: Nul. Phys.
Nuleon and meson eetive masses in the Relativisti Mean-Field Theory 2
1. Introdution
Relativisti mean-eld theory seems to be a powerful tool in desribing various aspets
of nulear struture [1, 2, 3℄. This theory provides an elegant and eonomial framework,
in whih properties of nulear matter [4, 5℄, nite nulei and neutron star, as well as
the dynamis of heavy-ion ollisions, an be alulated. Compared to onventional
nonrelativisti approahes, relativisti models expliitly inlude mesoni degrees of
freedom and desribe nuleons as Dira quasipartiles. Moreover, the spin-orbit
interation arises naturally from the Dira-Lorenz struture of the eetive Lagrangian.
Nuleons interat in a relativisti ovariant manner through the exhange of virtual
mesons: the isosalar salar σ-meson, the isosalar vetor ω-meson, and the isovetor
vetor ρ-meson. The model is based on the one-boson exhange desription of the
nuleon-nuleon interation. One of the most interesting problems in intermediate
energy physis whih has been investigated with many approahes is an eetive meson
mass in nulear medium.
2. Eetive vetor meson masses in nulear medium.
In this paper the properties of nulear matter in high-density and neutron-rih regime
are onsidered with the use of the relativisti mean-eld approximation. This approah
implies the interation of nuleons through the exhange of meson elds, so the model
onsidered here omprises: nuleons and salar, vetor-isosalar and vetor-isovetor
mesons. Consequently ontributions oming from these omponents inuene the
properties of nuleon. In this paper the nonlinear vetor-isosalar self-interation is
dealt. Modiation of this type was proposed by Bodmer in order to ahieve good
agreement with the Dira-Brükner [6℄ alulations at high densities. The rst version of
the ρ meson eld introdution is of a minimal type without any nonlinearity and onsists
only of the oupling of this eld to nuleons. This ase is enlarged by the nonlinear
vetor-isosalar and vetor-isovetor interation and the vetor-salar interations whih
modify the density dependene of the ρ mean eld and the energy symmetry. Suh an
extension was inspired by the paper [7℄ in whih the authors indiate the existene of a
relation between the neutron-rih skin of a heavy nuleus and the properties of a neutron
star rust. In the quark meson oupling model [9℄ nuleon properties are modied by the
meson oupling diretly to the quarks and not to the nuleons ( paper by Li et.al. [8℄).
The RMF theory is an eetive one, as oupling onstants are determined by the bulk
properties of nulear matter suh as saturation density, binding energy, ompressibility
and the symmetry energy.
The starting point in this paper is the onstrution of the eetive Lagrangian [10, 11, 12℄
intended for appliation to the system desribed above. The salar σ, isosalar-vetor
ω and isovetor-vetor ρ mesons are denoted by ϕ, ωµ, b
a
µ, respetively. The Lagrange
density funtion for this model has the following form
L =
1
2
∂µϕ∂
µϕ− U(ϕ)−
1
4
ΩµνΩ
µν +
1
2
(Mω − gωσϕ)
2ωµω
µ +
1
4
c3(ωµω
µ)2
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−
1
4
RaµνR
aµν +
1
2
(Mρ − gρσϕ)
2baµb
aµ + Λv(gρgω)
2(ωµω
µ)(baµb
aµ)
−
1
4
FµνF
µν + iψγµDµψ − ψ(M − gNσϕ)ψ. (1)
The eld tensors Raµν , Ωµν , Fµν and the ovariant derivative Dµ are given by
Raµν = ∂µb
a
ν − ∂νb
a
µ + gρεabcb
b
µb
c
ν , (2)
Ωµν = ∂µων − ∂νωµ, (3)
Fµν = ∂µAν − ∂νAµ, (4)
Dµ = ∂µ +
1
2
igρb
a
µτ
a + igωωµ + iQeAµ. (5)
The potential funtion U(ϕ) possesses a polynomial form introdued by Boguta and
Bodmer [13℄ in order to get a orret value of the ompressibility K of nulear matter
at saturation density
U(ϕ) =
1
2
m2sϕ
2 +
1
3
g2ϕ
3 +
1
4
g3ϕ
4. (6)
The nuleon eld ψ has a form of a olumn matrix omposed of proton and neutron
elds, respetively
ψ =
(
ψn
ψp
)
. (7)
The nuleon mass is denoted by M whereas ms, Mω, Mρ are masses assigned to the
meson elds. The parameters entering the Lagrangian funtion (1) are the oupling
onstants c3, gω, gρ, gNσ (Table 3) for meson elds, e
2/4π = 1/137 for photon eld and
the self-interating oupling onstants g2 and g3. The oupling onstants gωσ and gρσ in
the QMC model [14℄ are related to the onstant gNσ by the relations
gωσ =
2
3
gNσ, gρσ =
2
3
gNσ. (8)
The Lagrangian funtion (1) inludes also nonlinear terms
1
4
c3(ωµω
µ)2 + Λv(gρgω)
2(ωµω
µ)(baµb
aµ) (9)
− gωσMωϕωµω
µ +
1
2
g2ωσϕ
2ωµω
µ − gρσMωϕ b
a
µb
aµ +
1
2
g2ρσϕ
2baµb
aµ
whih aet remarkably properties of nuleons. The rst term was proposed by Bodmer
in order to ahieve good agreement with the Dira-Brükner [6℄ alulations at high
densities. All terms whih involve the baµ eld hange the density dependene of the
symmetry energy and ause the hange in the density dependene of the ρ eld. The
modiation of the density dependene of the ρ mean eld (5) an lead to the hange of
the neutron-skin thikness [7℄. This eet is observed in the Parity Radius Experiment
(PREX) at the Jeerson Laboratory whih aims to measure the neutron radius in
208
Pb
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via parity violating eletron sattering [15℄.
The eld equations for meson elds ΦA = {ϕ, ωµ, b
a
µ} are
✷ϕ = m2sϕ+ g2ϕ
2 + g3ϕ
3 − gσNψψ + (Mω − gωσϕ)gωσωµω
µ
(10)
+ (Mρ − gρσϕ)gρσb
a
µb
aµ,
− ∂µΩ
µν = (Mω − gωσϕ)
2ων + c3(ωµω
µ)ων (11)
+ 2Λv(gωgρ)
2(baµb
aµ)ων − gωJ
ν
B,
−DµR
µνa = (Mρ − gρσϕ)
2bνa + 2Λv(gωgρ)
2(ωµω
µ)baν − gρδa,3J
ν
3 . (12)
Soures that appear in these equations are the baryon urrent
JνB = ψγ
νψ (13)
and the isospin urrent whih exists only in the asymmetri matter
Jν3 =
1
2
ψγντ 3ψ (14)
The Maxwell equations are of the form
−∂µF
µν = −e Jν
with the eletri urrent given by
Jν =
1
2
ψγνQeψ. (15)
The timelike omponents of the baryon and isospin urrants are the baryon density
ρB = J
0
B and the isospin density ρa = J
0
a . The onserved baryon and isospin harges
are given by the following relations:
QB =
∫
d3xψ+ψ =
∫
d3x(ψ+n ψn + ψ
+
p ψp),
Q3 =
1
2
∫
d3xψ+σ3ψ =
1
2
∫
d3x(ψ+n ψn − ψ
+
p ψp),
The eletri harge is dened by
Q =
∫
d3xψ+Qeψ =
∫
d3xψ+p ψp , Qe =
1
2
(I − τ 3) =
(
0 0
0 1
)
.
The Dira equations for nuleons that are obtained from the Lagrangian funtion have
the following form
iγµDµψ − (M − gNσϕ)ψ = 0. (16)
The physial system is dened by the thermodynami potential [16℄
Ω = −kT lnTr(e−β(H−µQB−µ3Q3)) (17)
where H stands for the Hamiltonian and is dened as
H =
∑
A
∫
d3x{∂0ΦAπ
A − L}. (18)
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πA = ∂L
∂(∂0ΦA)
are momenta onneted with elds ΦA = {ϕ, ωµ, bµ,ψ} whih denote
all elds onsidered in this model. The averaged harges an be obtained from the
thermodynami potential with the use of the relations
∂Ω
∂µ
= − < QB >,
∂Ω
∂µ3
= − < Q3 > . (19)
In this paper the variational method based on the Feynman-Bogolubov inequality [17℄
is inorporated (see more details in [18℄)
Ω ≤ Ω1 = Ω0(meff )+ < H −H0 >0 . (20)
Ω0 is the thermodynami potential of the trial system whih as eetively free
quasipartile system is desribed by the Lagrange funtion
L0(meff ) =
1
2
∂µϕ∂
µϕ−
1
2
m2eff,σϕ
2 −
1
4
ΩµνΩ
µν
+
1
2
m2eff,ωωµω
µ
−
1
4
G
a
µνG
aµν
+
1
2
∑
a
m2eff,ρ,ab
a
µb
aµ
(21)
+ ψ(iγµDµ −meff,N)ψ
with the eld tensor now dened by
G
a
µν = ∂µb
a
ν − ∂νb
a
µ
and
Ωµν = ∂µων − ∂νωµ.
The elds ΦA an be written as a sum of two omponents, the eetively free
quasipartile elds ΦA = ϕ, ωµ, b
a
µ and the lassial boson ondensates ξA = σ, w, b
ΦA = ΦA + ξA, (22)
whih in the ase of partiular meson elds results in
ϕ = ϕ+ σ (23)
ωµ = ωµ + wµ, wµ = δµ,0w (24)
ρaµ = b
a
µ + β
a
µ, β
a
µ = δ
a,3δµ,0 b (25)
Both the boson and fermion masses (mB, mF ) as well as the ξA = {σ, w, b} elds are
treated as the variational parameters in the eetive potential. The ovariant derivative
for the trial system is
Dµ = ∂µ +
1
2
igρβ
a
µτ
a + igωwµ (26)
This introdues the fermion interation with homogenous boson ondensate wµ, β
a
µ. The
fermion quasipartile obeys the Dira equation
(iγµDµ −meff,N )ψ = 0 (27)
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Figure 1.
                                                   
                                                   
                                                   
                                                   
                                                   
                                                   
         





 ΛY 
ΛY 
Q
1/J
σω JVJσ,ρ JV
1/ΛY Jσω Jσ,ρ 
70P
HII
1
0

Q%IP
Nuleon eetive mass meff,N = M − gNσσ as the funtion of the baryon density nB
(fm−3).
The masses entering the Lagrangian funtion L0(meff ) of the trial system alulated
from the extremum onditions
∂Ω1
∂m2eff,σ
= 0,
∂Ω1
∂m2eff,ω
= 0,
∂Ω1
∂m2eff,ρ
= 0,
∂Ω1
∂meff,N
= 0
now are the eetive one. They are given by the following equations
m2eff,σ = m
2
s + 3g3 < ϕ
2 >0 +2b2σ + 3b3σ
2
(28)
− g2ωσ(w
2+ < ωµω
µ >0)− g
2
ρσ(b
2+ < b
a
µb
aµ
>0),
m2eff,ω = (Mω − gσωσ)
2 + g2ωσ < ϕ
2 >0 +c3(w
2+ < ωµω
µ >0) (29)
+ 2Λv(gρgω)
2(b2+ < b
a
µb
aµ
>0)
m2eff,ρ,a = (Mρ − gρσσ)
2 + g2ρσ < ϕ
2 >0 +2(gρgω)
2Λv(w
2+ < ωµω
µ >0)
− g2ρb
2(1− δa,3)−
3
2
g2ρ
∑
c 6=a
< b
c
µb
cµ
>20 (30)
−→
T=0 (Mρ − gρσσ)
2 − g2ρb
2(1− δa,3) + 2(gρgω)
2Λvw
2
meff,N =M − gNσσ. (31)
In the presene of the ρ eld ondensation b the ρ mass meff,ρ,a is splitting. This is a
result of the 'nonabelian' harater of the SU(2) symmetry whih is expliitely broken
by the Mρ term. In the homogeneous ase the free energy reahes the minimum at σ.
The nuleon eetive mass meff,N dependene on the baryon density nB is presented
in Fig. 1. Results are shown for the TM1 and NL3 parameter sets without additional
oupling and for NL3 supplemented by the vetor-salar oupling.
The meson eetive masses as funtions of the baryon density nB are presented in
Figs. 2 and 3. This gure provides a omparison of the meson eetive masses obtained
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Figure 2. The mesons ω and ρ eetive mass as the funtion of the baryon density
nB (fm
−3
).
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Figure 3. The mesons ω and σ eetive mass as the funtion of the baryon density
nB (fm
−3
).
for dierent values of the oupling onstants. Straight dotted lines show the ω and ρ
masses in the simplest model with no additional nonlinear terms. When this model
is enlarged by the nonlinear vetor-isosalar and vetor-isovetor and the vetor-salar
interations the eetive masses are obtained. As baryon number inreases the ω meson
eetive mass inreases and then beome smaller. The ρ meson eetive mass inreases
with the inreasing baryon number.
The symmetry energy density (for T = 0) εs = Es/nB an be evaluated taking into
aount the ontributions of the ρ meson eld to the energy of the system
Es =
1
2
m2eff,ρb
2 =
1
2
(Mρ − gρσσ)
2 b2 + Λv(gρgω)
2w2b2 (32)
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Figure 4. The symmetry energy Es as the funtion of the baryon density nB (fm
−3
).
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Figure 5. The stati homogeneous solution for the ρ meson eld as the funtion of
the baryon density nB (fm
−3
).
Using the equation of motion the stati homogeneous solution for the ρ eld takes the
following form
b =
gρ
m2eff,ρ
Q3 =
gρnB
2m2eff,ρ
δ (33)
δ = (nn − np)/nB (34)
and is presented in Fig. 5. Taking into aount the form of the equations (33) and (34)
the symmetry energy now is given by
εs =
g2ρnB
8m2eff,ρ
δ2 →
g2ρnB
8M2ρ
δ2.
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Parameter NL3 TM1 QMC
E0 (MeV) -15.92 -16.26 -16.65
kF,0 (fm
−1) 1.24 1.29 1.297
ρ0 (fm
−3) 0.14 0.145 0.147
K (MeV) 170.24 281.53 284.71
Table 1. The nuleon symmetri phase properties (the binding energy E0, the Fermi
momentum, the density and the ompresibility K) at the saturation point.
In the ase of no additional oupling onstants the result reprodues that of the simplest
model without any nonlinearities. Inluding the ω−ρ and the vetor-salar oupling the
εs is no longer linear with baryon density nB. Inluding the ω− ρ and the vetor-salar
oupling the εs is no longer linear with baryon number density nB. For the purpose
of the present study, we hoose two basi RMF parameterizations (Table 3): NL3 [22℄,
TM1 [23℄ and one based on QMC approah [14℄. All parameters are hosen in suh a
form to reprodue the nuleon symmetri phase properties (the binding energy E0, the
Fermi momentum, the density and the ompresibility K) at the satutation point (Table
1).
The ase of stati nonhomogeneous nulear matter onguration an be desribed
by the Euler-Lagrange equations (10, 12, 11, 16) taking the quantum average of these
equations with respet to the eetive quasipartile system H0 whih in turn is obtained
with the use of the eetive quasipartile Lagrangian L0(meff ). The results for a
spherially symmetri system beome
∆σ(r) =
∂Ueff
∂σ
. (35)
∆w(r) = m2eff,ω w(r)− gω QB, (36)
∆b(r) = m2eff,ρ b(r)− gρQ3 (37)
where the eetive potential for the salar meson is given by
Ueff = (g2 < ϕ
2 >0 +gωσMω(w
2+ < ωµω
µ >0) + gρσMρ(b
2+ < b
a
µb
aµ
>0))σ
+
1
2
(m2s + 3g3 < ϕ
2 >0 −g
2
ωσ(w
2+ < ωµω
µ >0)− g
2
ρσ(b
2+ < b
a
µb
aµ
>0)) σ
2
+
1
3
g2σ
3 +
1
4
g3σ
4. (38)
The onstrution of Ueff is suh that
m2eff,σ =
∂2Ueff
∂σ2
.
The ρ ondensate has a mass (meff,ρ = meff,ρ,3 at T = 0)
m2eff,ρ = (Mρ − gρσσ)
2 + g2ρσ < ϕ
2 >0 +2(gρgω)
2Λv(w
2+ < ωµω
µ >0)
− g2ρ
∑
c 6=3
< b
c
µb
cµ
>20 . (39)
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Figure 6. Prole of the ω meson eld inside the 208Pb nuleus (gωσ = gρσ = 0 ase).
In the obtained results the thermal ontributions from meson elds are present, however,
they are not involved in alulations sine meson masses are too large to be relevant.
The Dira equation for nuleons (i=p,n) has the following form
{−iα∇+ V (r) + β[M − S(r)]}ψi = ǫiψi (40)
with the potentials:
V (r) = gω w(r) + gρ σ
3b(r) + eQeA0(r),
S(r) = gNσσ(r).
In the non-honomegenous nulear matter distribution the eetive masses are spae
dependent and at rather like external potentials. The self-onsistent equations (35,
36, 37, 40), namely the Dira equation with potential terms for the nuleons and the
Klein-Gordon type equations with soures for the mesons and the photon are the base
for the numerial desription of nulei [19℄. The simplied solutions (f. Fig. 6 and
Fig.4) an be obtained assuming the Fermi shape for the neutron and proton density
distribution [7℄. Spherially symmetri solutions for the ω and ρ meson elds for the
208
Pb nuleus (gωσ = gρσ = 0 ase) are presented in Fig. 6 and Fig. 7. More realisti
alulations, whih will be the subjet of future investigations, an be obtained with the
use of the self-onsistent Thomas-Fermi approximation [20℄, [21℄. In the ase of the ω
meson the inuene of the ω− ρ oupling is rather small whereas there exists a marked
dierene in the ρ meson eld prole when the ω− ρ oupling is present (f. (Fig. 7)).
3. Conlusions
The model presented here inludes the original Waleka model with the nuleon elds
and the kineti and mass terms for salar and vetor mesons. Salar nonlinear terms
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Figure 7. Prole of the ρ meson eld inside the 208Pb nuleus (gωσ = gρσ = 0 ase).
gρ[7℄ Λv[7℄ Rp (fm)[7℄ (Rn −Rp) (fm)[7℄ meff,ω (MeV ) meff,ρ (MeV )
8.92 0 5.460 0.280 782.5 763.0
10.75 0.025 5.469 0.209 785.4 1141.6
Table 2. The meson eetive masses inside the
208
Pb nuleus (gωσ = gρσ = 0 ase).
were proposed by Boguta and Bodmer. Boguta and Prie introdued quarti vetor self-
interation. The hosen form of the Lagrange funtion whih was supplemented by the
additional omega-rho oupling was inspired by the work by Horowitz and Piekarewiz
[7℄ and by the QMC model [14℄. This additional nonlinear meson interation an be
explained in terms of eetive meson masses that are modied in the nulear medium.
The additional nonlinear ouplings ΛV and gωσ and gρσ hange the density dependene
of the omega and rho elds, whereas ΛV itself inuenes the density dependene of
the symmetry energy. Taking into aount these additional interation terms the
selfonsistent equations for vetor mesons were obtained. The nuleon and salar self-
interation generates dierent from zero expetation value of the salar eld and the
eetive nuleon mass meff,N . The mutual interations of vetor meson elds give as
a result the eetive meson masses meff,ω and meff,ρ. The appearane of the eetive
meson masses hanges the energy symmetry of the system and has an inuene on the
behaviour of the ρ eld. All alulations were performed with the use of NL3 [22℄ and
TM1 [23℄ parameter sets. They not only orretly reprodue nulear properties but
also are onsistent with the idea of naturalness as well. The fore of NL3 stems from
the t inluding exoti nulei, neutron radii, and information on giant resonanes. The
parameter set named TM1 has been applied to deformed nulei, triaxal deformations,
nulear exitations [10, 24, 25℄. The last olumn mark by QMC represents parameters
produed by the Quark Meson Coupling model (QMC) [9, 14℄.
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Parameter NL3 [22℄ NL3 [7℄ NL3 [7℄ TM1 [23℄ QMC [14℄
M 938MeV 938MeV 938MeV 938MeV 939MeV
Mw 795.4MeV 795.4MeV 795.4MeV 783MeV 783MeV
Mρ 763MeV 763MeV 763MeV 770MeV 770MeV
ms 492MeV 492MeV 492MeV 511.2MeV 550MeV
g2 = κ/2 12.17 fm
−1 12.17 fm−1 12.17 fm−1 7.23 fm−1 9.62 fm−1
g3 = λ/6 −36.259 −36.259 −36.259 0.6183 61.24
gNσ=gs 10.138 10.138 10.138 10.0289 6.9667
gω 13.285 13.285 13.285 12.6139 5.8561
gρ 8.941 9.214 10.751 9.2644 8.3803
c3 0 0 0 71.3075 0
Λv 0 0.005 0.025 0 0
gωσ 0 2/3 gNσ 2/3 gNσ 0 0.6617
gρσ 0 2/3 gNσ 2/3 gNσ 0 0.6617
Table 3. Parameter sets for the Lagrangian (1).
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